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Planar  TELDs  have  been  designed,  fabricated,  and  tested.  Computer 
models  have  been  developed  for  designing  and  predicting  the  character- 
istics of  TELDs  as  a function  of  device  geometry,  material  parameters, 
and  bias  conditions.  TELDs  have  been  fabricated  on  ion- implanted  LPE 
and  VPE  GaAs.  Devices  with  as  high  as  24%  current  drop  back  in  the  I-V 
characteristics  have  been  measured,  and  frequency  dividers  that  divide 
the  input  signal  by  any  integer  from  two  through  nine  have  been  realized 
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Tin?  objectives  of  this  exploratory  development  effort  are  to 
(1)  design  and  fabricate  transferred-electron  logic  devices  (TELDs)  with 
both  Schottky-barrier  and  insulated  pickup  gates,  (2)  evaluate  the  dc 


and  rf  operating  characteristics  of  the  TELDs,  and  (3)  correlate  the 
measured  operating  characteristics  with  a theoretical  analysis.  The 
device  structures  are  to  be  fabricated  using  both  ion- imp lanted  and  epi- 
taxial GaAs  with  silicon  oxide,  silicon  nitride,  and  anodic  oxide 
insulators. 

As  part  of  this  program,  planar  TELDs  were  fabricated  on  ion- 
implanted  GaAs,  liquid-phase  epitaxial  (LPE)  GaAs,  and  vapor  phase  epi- 
taxial (VPE)  GaAs.  The  dc  current  versus  voltage  (I-V)  characteristics 
and  the  rf  characteristics  of  the  device  were  measured.  Devices  fabri- 
cated on  epitaxial  GaAs  exhibited  a current  drop  back  of  up  to  24%  in 
the  dc  characteristics  and  operated  as  a frequency  divider  dividing  the 
input  signal  by  an  integer  from  two  through  nine. 

GaAs  anodic  oxide  has  been  grown  with  nonaqueous  electrolytes.  Both 
aqueous  and  nonaqueous  liquid  electrolytes  have  been  incorporated;  how- 
ever, to  be  compatible  with  other  process  requirements  and  to  minimize 
interface  problems,  nonaqueous  electrolytes  have  been  found  to  be  the 
best  approach. 

In  addition,  computer  models  have  been  developed  for  designing 
TELDs.  The  threshold  conditions  were  calculated  as  a function  of  device 
geometry,  material  parasitics,  and  bias  conditions.  The  electric  field 
after  domain  formation  is  computed  to  ensure  that  it  is  sufficient  for 
the  domain  to  transit  from  the  gate  to  the  anode.  An  equivalent  cir- 
cuit for  the  TELD  has  been  used  to  calculate  switching  times  as  a func- 
tion of  device  and  circuit  parameters. 
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SECTION  2 
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COMPUTER  MODELING  FOR  GaAs  TELDs 

This  section  discusses  the  computer  models  developed  for  predicting 
the  dc  and  rf  performance  of  GaAs  TELDs  as  a function  of  device  geometry, 
material  parameters,  and  bias  conditions.  Also  discussed  is  an  accurate 
model  developed  for  calculating  the  parasitic  capacitance  of  the  device 
and  circuit.  The  latter  model  was  developed  because  the  parasitic  capa- 
citance is  an  important  parameter  in  determining  the  circuit  speed. 

Hughes  has  developed  models  for  designing  TELDs  and  predicting  the 
switching  times  of  the  device  in  a circuit.  To  assure  that  a domain  will 
nucleate  and  grow  sufficiently  to  produce  a large  current  drop  back, 
several  constraints  must  be  satisfied.  A computer  model  that  calculates 
the  electric  field  in  and  current  density  through  the  device  before  and 
after  domain  formation  has  been  developed  to  design  t-he  TELD  with  the 
proper  doping  density  and  channel  thickness. 

For  a planar  TELD  such  as  shown  in  Figure  1,  the  nl  product  of  the 
device  must  be  above  the  critical  value^  to  ensure  that  a domain  grows 
to  maturity, 


N,1  , > 10 
d gA 


13 


(1) 


since,  for  small  N^,  the  negative  dielectric  relaxation  time  is  too  short 

for  a domain  to  form  in  a transit  time.  The  energy  stored  in  the  elec- 

2 

trie  field  of  the  domain  must  be  above  the  critical  value,  which  re- 
quries  that 


N,d  > 10 
d o 
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(2) 


where  d^  is  the  width  or  thickness  of  the  device.  These  constraints  on 
domain  growth  determine  lower  bounds  on  the  device's  geometry  and 


i 


doping  density.  The  constraint  imposed  by  Eq.  2 puts  strict  limits  on 

the  possibility  of  fabricating  TELDs  by  ion  implantation  since  d is 

a 

normally  between  0.3  and  0.5  pm. 

An  upper  bound  on  doping  density  results  from  impact  ionization 

occurring  in  the  high-field  region  of  the  domain.  As  the  doping  density 

Increases,  domain  growth  time  decreases,  domain  voltage  increases,  and 

the  field  in  the  domain  increases.  For  large  fields,  electron-hole  pair 

are  generated  by  impact  ionization.  Since  the  holes  are  trapped,  the 

excess  electrons  will  be  localized  at  the  trapped  holes,  thereby  causing 

an  apparent  increase  in  the  number  of  conduction  electrons  in  this 

region.  For  each  domain  transit,  the  valley  current  is  increased  until 

domain  formation  becomes  noncoherent.  To  prevent  impact  ionization  from 

occurring  in  the  domains,  the  doping  density  should  be  limited*  t o less 
\ fa  —3 

than  5 x 10  cm  . Since  this  restriction  is  based  on  a dc  analysis 
fir  breakdown,  impact  ionization  is  time  dependent,  and  there  is  a 
time  delay  in  the  formation  of  the  domain,  the  limit  based  on  this 
simple  model  could  be  exceeded  to  a certain  extent.  *»?  ' 
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A computer  model  has  been  developed  that  calculates  the  electrical 
characteristics  of  the  TELD  as  a function  of  the  device  parameters  and 
bias  conditions.  The  calculation  of  the  threshold  condition  follows 
the  FET  model  by  Pucel  et  al.  The  TELD  model  shown  in  Figure  2 has 
been  used  to  derive  the  threshold  conditions  under  the  gate  of  the  I'Fl.l). 
A computer  program  that  calculates  the  electric  field  under  the  gate  and 
in  the  channel  between  the  gate-cathode  and  gate-anode  has  been  devel- 
oped for  designing  the  TE1.D.  Once  threshold  conditions  have  been 
reached  under  the  gate,  the  program  calculates  the  steady-state  condi- 
tions in  the  device  assuming  a mature  domain  has  formed  and  is  travers- 
ing the  distance  from  the  gate  to  the  arode.  The  progran  calculates 
the  electric  field  throughout  the  device,  the  current  decrease  caused  by 
domain  formation,  and  the  voltage  across  both  the  device  and  a load 
resistor.  The  effects  of  doping  density,  channel  depth,  and  load  resis- 
tance can  be  investigated. 

•4 

Following  the  derivation  of  Pucel  et  al.,  which  makes  use  ot 

Shockley's  gradual  channel  approximat ion,  simple  expressions  ran  be 

A h 

derived  for  S,  P,  and  1^  * (Figure  l): 


where 


<,N 


1 _ V 

1 v vi; 


V ~ 

v O 


l /d 

c o 


i n 


V 


V + Q - V , 

a t; 


lAC 


C 7.W  , 

-2_i>  p2  . s* 


~ IP1  - s3>|  . ('•> 


barrier  height  ot  the  Schott  kv  gate  lunit  ion 


l 1 


Ls 


GATE  CONTACT 


CATHODE  CONTACT 


DEPLETION  REGION 


ANODE  CONTACT 


INSULATING  SUBSTRATE 


(a)  GEOMETRICAL  PARAMETERS 


GATE 


ANODE 


CATHODE 
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1.6  x 10  C 
doping  density 
dielectric  constant 
active  channel  thickness 
low  field  electron  mobility. 


As  the  depletion  region  extends  across  the  conducting  channel,  the 
longitudinal  field  in  the  channel  will  increase.  In  a normally  biased 
TELD,  the  field  will  be  greatest  at  the  anode  end,  where  the  depletion 
width  is  greatest.  Linear  operation  of  the  TELD  will  continue  with 
increasing  anode  voltage  until  a critical  velocity  saturation  field  is 
reached.  This  condition  is  satisfied  when 

j\C 

qu  N„  Zd  (1  - P)  = hS  ■ ((l) 

n D o 

Once  this  condition  has  been  reached,  a domain  forms  under  the  anode  edge 
of  the  gate.  To  take  into  account  the  parasitic  resistance  of  the  cathode 
and  anode  channel  lengths,  Eqs.  3 and  4 must  be  modified  by 


AC 


- I 


AC 


<RC + V 


(7> 
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(8) 


Making  the  appropriate  substitutions  into  Eqs.  3 and  4 gives  new 
express  Ions  for  S and  P: 
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All  i' t hot*  rotations  remain  unchanged. 

These  equations  must  bo  solved  iteratively.  Kot  a given  V ami  V(.( 
t ho  correspond  Inn  t , is  computed.  This  involves  solving  t bo  I rausoon  • 
dental  equations,  h,  P,  and  10,  for  linear  operation.  This  task  is 
easily  accomplished  bv  Newtonian  Interpolat  ion.  ll  the  given  relations 
can  be  rewritten  in  the  term  t ( 1 ) « 0,  a quadrat  lea  l ly  convci  g lug  suc- 

cession ot  approximations  for  l^,  is  given  hv: 
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Kq.  r>  can  be  rearranged  to  give: 
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with  1’  given  bv  Kq.  Ill  ami  S given  bv  Kq.  11 . Pi  Moroni  iat  Inc,  Kq . I 
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These  equations  and  an  iterative  procedure  have  been  programmed  on  a 

microprocessor.  For  a given  V , the  corresponding  value  of  I Is  cal- 

gc  At 

culated  as  a function  of  V._.  The  voltage  V is  subdivided  into  equal 

AC  AC 

steps  from  0 to  V^,  where  is  the  estimated  threshold  voltage.  At 

V,_  = 0,  the  longitudinal  field  is  zero  and  therefore  1=0.  Start- 
AC  At 

ing  at  this  point,  successive  values  of  I are  computed  using  the 

AC 

interpolation  formula  given  by  Eq.  11. 

The  electric  field  in  a TELD  with  a mature  domain  in  transit  can  be 

derived  if  the  velocity  v versus  electric  field  E characteristic  is  known. 

Following  the  derivation  of  Hartnagel,2  in  which  a piecewise  linear 

approximation  for  the  v versus  E curve  is  assumed  as  shown  in  Figure  4, 

one  can  show  for  E„  < E„  that 
M i> 


(E  - Ed)2  u + (E  - E X U = (E_  - F )2  u + 2 (E  - E ) (E  - E„)  U 
tRo  ptn  Spn  SpMSn 


and  for  > Eg  that 

(E  - E ) 2 u + (F.  - E ) 2 \t  = (Em  - E )2  u . (15 

tRo  ptn  Mpn 

These  equations  are  based  on  the  assumption  that  a mature  domain  has 
formed  and,  therefore,  that  the  equal-areas  rule  applies.  Eq . 14  has  a 
factor  of  2 which  Hartnagel2  does  not  show.  From  Figure  4,  one  can 
show  the  following  relations: 


(lb) 

(17) 

(IS) 


After  some  manipulation,  Eqs.  14  and  15  can  be  reduced  to 


for  Em  < 


'S* 


Using  Eq,  19  or  20,  the  domain  voltage  is  obtained  from 
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(em  - V2 

2qND 


(2 


With  the  corrected  version  of  the  domain  voltage,  the  steady  state  con- 
ditions for  a TELD  with  a domain  in  transit  are  calculated.  Assuming 
a circuit  similar  to  that  shown  in  Figure  5,  the  current  is  related  to 
the  voltage  by 


VU4  = IR, 
bias  L 


+ V 


TELD 


(2 


where 


= V.  + V 


+ E„(P..  + ) 
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The  distances  from  gate  to  anode  and  from  gate  to  cathode  are  given  by 

i and  l , respectively.  The  voltage  drop  from  the  anode  side  to  the 
A#  ^8 

cathode  side  of  the  gate  is  given  by  V and  is  calculated  bv  the 
^ gate  7 

Pucel  model.  In  addition,  the  current  through  the  TELD  must  satisfy 


1 = qu  N.E  b d 
o D R o o 


where  b d is  the  cross-sectional  area  of  the  channel.  Thus,  to  deter- 
o o 

mine  the  steady-state  condition  for  a given  bias  voltage  V.  . , load 

bias 

resistor  R^,  and  gate  bias  Vj,ate  (which  is  a function  of  the  bias  applied 
to  the  gate),  a self-consistent  solution  must  be  found  for  Eqs.  19 
through  24.  In  comparison,  before  the  domain  is  triggered,  the  condi- 
tions to  be  satisfied  are 


I,RL  + VTELD 


VTELD  - v;ate  + ER<*Ag  + v 


I'  = qW  N nF.'b  d . (27) 

o D R o o 

A computer  program  that  runs  on  a microprocessor  was  written  to  solve 
these  two  sets  of  equations.  The  results  of  the  program  for  the  TELD 
and  Rj  as  shown  In  Figure  6 are  given  in  Table  1.  The  present  form  of 
the  program  calculates  the  conditions  in  the  circuit  before  and  after 
domain  formation  with  a variable  bias  voltage  that  just  satisfies  the 
threshold  condition  for  the  given  gate  bias. 

This  model  predicts  a large  current  drop  back  since  a mature 

domain  is  assumed  to  form  immediately,  resulting  in  a low  value  for 

tae  sustaining  field  in  the  drift  region  of  the  TELD,  For  the  domain, 

which  is  nucleated  under  the  gate,  to  transit  from  the  gate  to  t he 

anode,  the  field  ir:  this  region  must  he  large  enough  to  sustain  the 

domain.  A first-order  approximation  to  the  sustaining  field  is  that 

tne  current  density  In  this  region  is  greater  than  that  obtained  for  the 

saturated  drift  velocity  of  the  carriers.  Referring  to  Figure  4,  this 

implies  that  the  field  is  greater  than  E since 
r sus 
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Figure  6.  Schematic  of  TELD  and  load  re.sistor  (un  = 6000  cm“/VSll. 
F.  = 3.2  x 10^  V/cm).  Dimensions  in  micrometers. 


Table  1.  TELD  Current  and  Voltage  before  and  after 
Domain  Formation 

(R.  = 182  , N„  = 3 x 10 * ^ cm  \ dn  = 2 m,  b„  = 20  m) 


^ Bias ’ VgC * 
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11.51 

11.12 
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9.81 
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After 
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Before 

A f t e r 

8.62 

2.96 

32.25 

18.76 

8.09 

2.19 

30.82 

18.78 

7.69 

1.99 

29.75 

18.79 

6.96 

1.62 

27.72 

18.83 

6.38 

1.32 
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18.87 

13.49 
1 2 . 04 
10.96 
8.89 
7.26 
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J - qN^  E > qNDVHat 


(28) 
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As  the  channel  thickness  decreases,  the  domain  is  nucleated  under  the 

Kate  for  smaller  and  smaller  V and  V,,,  with  lower  and  lower  fields 

RS  AC 

between  the  anode  and  the  gate.  For  verv  thin  channels  (i.e.,  - 0 , 5 i:m), 
the  field  in  the  drift  region  is  not  above  the  sustaining  value,  and  a 
domain  will  not  propagate.  This  implies  that,  for  a given  Schottky- 
barrier  height  and  channel  doping  density,  there  is  a minimum  channel 
thickness.  If  the  depletion  region  X is  normalized  to  the  channel  thick- 
ness d , then  a maximum  value  for  X/d  is  obtained  as  a function  of 
o o 

doping  density. 

In  addition  to  the  requirements  on  the  device  geometry  and  material 

parameters  determined  by  the  model,  the  sensitivity  ot  the  I ield  under 

tlu1  gate  to  the  gate  bias  is  also  obtained.  Trigger  sensitivity  is  an 

important  design  and  performance  parameter  in  the  operation  of  TKl.Ds. 

Trigger  sensitivity  is  defined  as  the  minimum  change  of  electric  field 

required  for  domain  formation  due  to  a voltage  applied  to  the  gate. 

Sugeta  ei  al.  defined  the  minimum  field  as  that  due  to  shot  noise  in 

9 

the  carrier  density;  however,  as  pointed  out  by  L'padhyayu 1 a , this 
definition  does  not  lead  to  a useful  device,  since  one  would  not  want 
the  TELD  triggered  by  noise.  Upadhyayula  derived  the  trigger  sensi- 
tivity including  the  load  resistor  in  the  anode  circuit  and  showed  that 
it  is  increased  bv  ( l + g K, ) due  to  the  load  resistor  since  it  pro- 
vides  positive  feedback.  As  the  gate  voltage  is  made  more  negative, 
the  depletion  region  under  the  gate  Increases,  which  causes  a smaller 
cross-sectional  area  for  the  current.  This  decreases  the  current, 
which  in  turn  decreases  the  voltage  drop  across  . Since  the  bias  is 
constant,  device  voltage  Increases,  which  increases  the  1 ield  under 
the  gate.  Thus,  the  feedback  increases  the  I ield  towards  Ihieshold. 

For  the  case  with  a cathode  follower  circuit,  the  feedback  is  negative. 
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The  reverse  bias  on  the  gate,  which  determines  the  depletion  width  and 
therefore  the  current  through  the  device,  is  the  difference  between  the 
potential  at  the  edge  of  the  depletion  region  in  the  channel  and  the 
potential  on  the  gate.  Increasing  the  negative  gate  bias  Increases  the 
reverse  bias,  which  increases  the  depletion  region.  This  in  turn 
reduces  the  current  and  the  voltage  drop  across  the  load  resistor.  As 
the  voltage  across  Rj  decreases,  the  cathode  potential  decreases.  Thus, 
the  potential  of  the  depletion  edge  under  the  channel  decreases,  and 
the  reverse  bias  between  the  channel  and  the  gate  decreases.  Following 
the  derivation  of  Upadhyayula,  the  current  through  the  TKl.l)  is  given  bv 


I - (1  - X)  OEb  d 
o o 


where  0 is  conductivity. 

The  variation  of  field  with  gate  voltage  V_  is  given  bv 


F.  dX 


(1  - X)  dV  d b 0(1  - X)  ’ 

g o o 


where 


sm  dV 


The  depletion  width  for  a given  potential  drop  >}>  is 


o \l  qN 


f~2±± 

oN  . ‘ 


The  potential  drop  for  the  two  cases  (anode  load  resistor  A and  cathode 
follower  OF)  is 


f * % - HR,  + K ) - V + $ 

A B I.  ga  g B 


and 


where 


ga 


g^' 


<Prp  - + I(R.  + R ) - V 

CF  B L gs  g 


bias  voltage 

anode-to-gate  channel  resistance 
cathode-to-gate  channel  resistance 
built-in  potential. 
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Kva lua ting  dX/dV > and  substituting  into  Eq.  11  yields 
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where  <t>^  is  the  pinch-off  voltage. 


Rearranging  terms  and  using  the  relations  1 E = R 1 - V vields 
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The  last  term  in  the  parentheses  in  both  equations  is  positive  for  most 

TEED  designs,  and,  therefore,  dE/dV^  is  negative  for  the  load  resistor- 

in  the  anode  circuit  but  can  be  either  negative  or  positive  for  the 

cathode  follower  case.  Thus,  the  trigger  sensitivity  for  the  cat  bode 

follower  case  is  decreased  bv  M - g R,  ). 

m 1. 
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The  computer  model  calculates  the  trigger  sensitivity  indirectly 

since  the  electric  field  under  the  gate  at  the  anode  edge  is  calculated 

as  a function  of  gate  bias  for  a given  bias  condition,  doping  density, 

device  geometry,  and  load  resistor.  The  electric  field  for  t he  TK1.D 

described  in  Figure  6 with  gate  bias  as  a parameter  is  shown  in  Figure  7. 

Figure  8 plots  the  electric  field  under  the  gate  at  the  anode  edge  as 

a function  of  the  gate  bias  for  this  TELl)  and  for  a similar  Till)  with  a 

lb  “3 

doping  density  of  10  cm  . The  Nd ^ and  111  ^ products  for  the  two 
devices  are  given  in  Table  2 along  with  the  trigger  sensitivity  and  the 


corresponding  gate  trigger  voltage  to  increase  the  field  by  0.1  F.j..  An 

optimum  value3^  for  V is  between  0.5  and  1,5  V:  if  V is  too  small 

g 8 

it  will  trigger  spontaneously  and  if  is  too  large  it  will  take  too 

much  logic  swing  and  energy  from  the  input  to  trigger  the  device. 


Table  2.  TK1.I)  Trigger  Sens  it  Ivity 


Doping 

Density, 

-3 
cm  J 

Nd  , 

o 

-2 

cm 

N1  A’ 

-2 

cm 

ae/av  , 

-Is 

cm 

AV  . 

8 

V 

3 x 1016 

1 2 

b x 10 

b x 1013 

228 

1.40 

1 x 10Ih 

12 

2 x 10 

2 x in11 

4b0 

0.095 

M2  ' 


The  total  current  through  the  device  consists  of  both  the  drift  and 
displacement  currents.  As  the  electric  field  is  raised  to  threshold  from 
its  bias  value  just  below  threshold,  the  conduction  current  increases. 
Once  threshold  is  reached,  a domain  begins  to  form  as  the  charge  in  the 
negative  mobility  region  separates.  As  the  charge  redistributes  itself, 
the  field  in  the  domain  increases  rapidly,  resulting  in  an  increase  in 
displacement  current  that  counteracts  the, decrease  in  conduction  cur- 
rent due  to  the  decrease  in  velocity.  The  net  result  is  that  the  cur- 
rent remains  relatively  constant  during  the  transition  through  the  nega- 
tive mobility  region.  The  field  outside  the  domain  also  remains  nearly 
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constant  near  threshold.  Initially,  the  bias  voltage  that  raises  the 
field  above  threshold  appears  across  the  domain  since  t lie  time  constant 
associated  with  the  negative  dielectric  relaxation  time  is  less  than 
1 pace.  Once  the  domain  field  has  reached  the  positive  mobility  region, 
the  field  does  not  grow  as  rapidly  and  the  total  current,  which  corres- 
ponds to  the  conduction  current  In  the  domain,  drops  rapidly.  Tin* 
electric  field  drops  outside  the  domain,  causing  a decrease  in  conduc- 
tion current  and  a negative  displacement  current.  The  delay  time  is 
defined  as  the  time  required  tor  the  field  to  draft  r>0:  ot  Its  total 
drop  from  the  threshold  value. 

An  approximate  model,  which  can  he  used  to  Investigate  the  effects 
of  the  circuit,  characterizes  the  domain  formation  as  the  charging  ot 
the  average  domain  capacitance  through  the  low-field  resistance  and  tin- 
load  resistor . ^ ^ This  model  Includes  the  device  and  circuit 
parameters.  The  delay  time  for  the  domain  formation  is  given  hv  the  KT 
time  constant  of  the  device  and  circuit,  which  corresponds  to  the  t I me 
required  for  the  field  outside  the  domain  to  drop  to  one-halt  ol  it-. 

I I n.i  1 1 ow- 1 1 e I d va  I ue . 

The  dynamic  load  line  for  the  switching  process  described  above  is 
different  from  the  load  line  for  this  simple  model;  however,  the  delav 
time  for  the  two  models  is  of  the  same  form  and  differs  hv  only  a con- 
stant.^ Tin*  advantage  of  the  simple  model  Is  that  circuit  el  loots  can 
be  Included, whereas,  in  the  more  exact  model,  circuit  effects,  especial Iv 
parasitic  capacitance,  are  dllflcult  to  take  into  account . 

The  response  time  of  the  Tlil.I)  is  a function  of  both  the  device 

and  circuit  parameters.  To  compare  device  and  circuit  parameters  fe.g., 

doping  density,  device  width,  associated  parasilios),  a simple  model  Is 

assumed  for  the  device  and  circuit.  As  suggested  by  llartnage I , ‘ verilied 

1 2 1 

experimentally  hv  Kuril  ot  al.,  and  investigated  hv  Manse,  the  dona  in 
format  ion  time  can  he  approximated  by  the  time  to  charge  the  domain 
capacitance  through  the  load  resistor  and  low-1 leld  resistance.  Includ- 
ing the  effects  of  the  parasitic  capacitances,  the  equivalent  circuit 


10 


Y* 
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for  the  device  is  as  shown  in  Figure  9.  The  parastics  are  combined  in 
and  the  average  domain  capacitance  is  given  by^’** 


W 1 

2Eth1o) 


,1/2 


b d 
o o 


( 19) 


The  response  of  the  voltage  across  the  device  as  its  charges  from 

threshold  to  a higher  potential  was  calculated  using  the  circuit  analysis 

program  SP1CF..  The  results  are  shown  in  Figure  10  for  a 10-lim-wide  de- 

1 ()  3 

vice  with:  = lx  10  cm  , parasitics  corresponding  ft'  device-to- 

device  spacings  of  300  pm  and  20  pm,  and  2-pm-wide  interconnecting  lines. 
The  effect  of  fan-out  on  device  response  can  be  seen  from  these  results. 
As  fan-out  increases,  interconnect  capacitance  increases  along  with 
additional  gate  capacitances  of  the  next  stage.  Thus,  can  be  deter- 
mined as  a function  of  the  fan-out.  The  effect  of  other  loads  can  be 
taken  into  account  in  a similar  fashion  since  the  load  resistance,  as 
in  the  case  of  the  interconnecting  lines,  is  much  smaller  than  and 
can  be  neglected;  only  the  Increase  in  input  capacitance  needs  to  be 
considered.  The  effect  of  the  load  resistance  on  the  response  is  also 

shown.  In  Figure  11,  the  response  of  a similar  device  with  N = 

16—3  * 

5 x 10  cm  and  300-pm  and  20-pm  spacings  is  plotted.  A comparison 

between  10-pm-  and  2-pm-wide  devices  is  shown.  If  it  is  assumed  that 

the  switching  time  corresponds  to  the  time  necessary  for  the  voltage  to 

reach  90%  of  its  final  value,  then 


T/2,5R,Ct  . (40) 

The  load  resistor  is  a function  of  low-field  resistance  and,  therefore, 
of  device  geometry.  Parasitic  capacitance  is  a function  of  both  device 
geometry  and  the  spacing  between  devices.  Switching  time,  as  calculated 
by  Eq.  40,  is  plotted  for  several  different  devices  as  a function  of 
device  soaring. 
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normalized  voltage. 
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Figure  11.  Response  of  device  voltage  versus  time  as  a function  of  device 
width  and  spacing  (R^  ■ R ■ Alb  11,  ■ 5 x 10^(l  cm-'). 

By  Incorporating  an  active  load  (such  as  an  FKT)  instead  of  a load 
resistor,  the  power  consumption  can  be  reduced.  The  circuit  is  shown  in 
Figure  12  along  with  the  equivalent  circuit  for  the  TF.1.0  below  threshold. 
In  the  equivalent  circuit,  the  fringing  capacitance  of  the  FKT  has  been 
neglected,  and  the  FKT  is  assumed  to  be  a constant  current  source.  The 
load  line  for  this  circuit  is  shown  in  Figure  13  with  the  two  states  ot 
the  TF.LD  depicted.  Point  A represents  the  1 and  V across  the  TR1.D  below 
threshold;  point  B represents  the  1 and  V with  a domain  in  the  transient. 
The  change  in  voltage  A at  the  anode  of  the  TELD  corresponds  to  the 
logic  swing  or  pulse  output  of  the  circuit.  The  time  constant  or 
switching  time  is  given  by 
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To  compare  this  with  the  case  of  resistive  loading,  consider  Figure  14. 
For  the  switching  time  and  power  dissipation  to  compare  with  case  1, 
the  active  load  case  Rj  must  be  equal  to  R^  (case  2)  but  the  logic 
swing  A must  be  much  smaller.  For  much  larger  R^  (case  1),  the  logic 
swing  corresponds  to  the  active  load;  however,  the  switching  time  and 
power  dissipation  are  much  larger.  For  R^  smaller  than  R , the  device 
is  faster  and  the  circuit  dissipates  less  power;  however,  the  logic 
swing  goes  to  zero. 

When  the  domain  reaches  the  anode  and  is  collected,  the  voltage 
across  the  TELD  decreases  as  the  voltage  drop  across  Rj  increases.  Wit! 
no  domain  in  the  TELD,  the  equivalent  circuit  shown  in  Figure  l>  reduces 
to  the  circuit  in  Figure  15.  The  time  for  the  voltage  across  R to 
decay  back  to  |ust  below  threshold  is  given  bv 


T - 2.5  1R  /R  )CT 
Lot 


Thus,  the  decuv  time  is  normally  one-half  (t.e.,  R,  » R ) or  less  of 

1.  o 

the  domain  charging  time.  In  an  actual  device  (as  explained  above),  tin 
domain  nucleates  much  faster  at  first  than  this  simple  model  predicts; 
thus,  it  is  possible  that  a new  domain  will  be  initiated  since  the 
anode  voltage  remains  too  large,  causing  the  field  in  the  device  to  be 
above  threshold. 

A means  of  avoiding  this  self-triggering  is  to  couple  the  output  o! 

the  TELD  via  a MOS  capacitor  pick-off  probe  mounted  on  the  TELD,  as 

shown  in  Figure  16.  The  insulated  gate  responds  to  both  the  format  ion 

a id  extinction  of  the  domain  and  the  domain  passage  under  the  gate.  Th 

structure  has  been  used  for  function  generators  because  the  output  of 
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the  gate  is  a function  of  the  gate  geometry.  ’ 

The  device  structure  shown  in  Figure  17  consists  of  a uniform 
T2LD  with  a thin  dielectric  layer  and  a nonuniformly  shaped  metal  elec- 
trode on  it.  Assuming  that  the  electric  field  in  the  dielectric  is 
perpendicular  tv’  the  sandwich  and  that  the  displacement  current  is  much 
smaller  than  the  TELD  current,  the  potential  distribution  in  the  TEI.D 
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Figure  16.  Planar  structure  of  GaAs  TELD  with  capacitively  coupled 
pick-off  gate. 
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Figure  17.  TELD  with  arbitrarily  shaped  insulated  gate 


In  addition  to  the  induced  current  during  domain  transit,  the  gate 
has  large  capacitive  transients  when  the  domain  is  formed  at  the  cathode 
or  at  another  gate  and  collected  at  the  anode.  The  rise  time  of  these 
spikes  is  the  same  as  the  rise  time  or  domain  formation  time  discussed 
previously.  The  magnitude  of  the  pulse  is  a function  of  the  capacitance 
of  the  Insulated  gate. 

The  current  output  of  the  gate  pickup  can  be  used  to  trigger  other 
TELDs.  The  current  pulse  collected  during  the  passage  of  the  domain 
under  the  gate  is  delayed  in  time  from  the  input  by  the  transit  time  of 
the  domain  to  the  gate,  whereas  the  current  pulse  generated  by  the 
domain  formation  is  delayed  only  by  the  domain  formation  time.  However, 
if  a domain  is  in  transit,  then  the  TELD  is  inhibited  and  no  new  domain 
may  be  initiated  and,  therefore,  the  output  must  wait  until  the  domain  is 
collected  before  responding. 

Two  factors  must  be  considered  in  the  design  of  the  coupling  cir- 
cuit between  the  MOS  pick-off  gate  and  the  input  to  a TELD  or  an  FET, 
First,  the  pulse  amplitude  and  the  charging  time  of  the  input  of  the 
next  device  must  be  such  that  the  succeeding  device  will  respond.  For 
the  case  with  a rectangular  pick-off  gate,  the  current  is  given  by 

ev  1 v 


where  1 is  the  length  of  the  pick-off  gate,  and  the  domain  velocity 
PR 

has  been  approximated  by  the  saturated  velocity.  The  equivlanet  cir- 
cuit for  the  TELD  and  succeeding  stages  is  shown  in  Figure  1^.  The 
pick-off  gate  has  been  assumed  to  be  close  to  the  anode  so  that  the 
device  resistance  between  the  gate  and  the  anode  has  been  neglected. 
The  capacitance  of  the  succeeding  gate  is  represented  by  and  a bias 
resistor  is  provided  for  discharging  this  capacitor.  For  the  next 
stage  to  be  triggered,  the  voltage  V ^ must  reach  1 V as  quick Iv  as 
possible.  The  RC  time  constant  of  this  charging  circuit  is  given  by 


1 =■  R C 

» R 


39 


7449-16 


Figure  19.  Equivalent  circuit  of  MOS  pick-off  gate 
and  input  to  next  stage. 


For  Vj  to  reach  1 V, 


1 = IR. 


(47) 
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For  a doping  densitv  of  2 x lo'h  cm  *.  I * 1 =1  pm,  an  oxide  thickness 

8 PK 

o'  400  A,  and  a device  width  of  20  vim,  the  discharge  time  constant  is 


T ” 6.3  psec/V 


ex 


(40) 


To  ensure  that  the  input  gate  discharges  before  the  domain  is  col- 
lected, the  discharge  time  constant  is  given  approximate] v by 


T a R_(C  + C ) . 
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Thus,  for  normal  excess  domain  voltages  near  1 V,  both  the  charging  time 
and  the  discharging  time  are  appropriate.  The  value  for  the  bias 
resistor  is  given  by 


f ‘ 


K = 706/V  , (52) 

rs  t'X 

which  is  a reasonable  value.  W itli  the  capacitivelv  coupled  pick-oft 
gate,  the  capacitance  loading  the  anode  consists  onlv  of  the  device 
itself  and  not  the  interconnect  lines  and  fan  out.  Therefore,  the  time 
constant  for  the  anode  voltage  to  dv, ay  to  a value  below  threshold 
after  the  domain  lias  been  collected  is  great  Iv  reduced  and  self- 
triggering  can  be  eliminated. 

Another  advantage  of  the  capacitivelv  coupled  pick-oft  gate  is 
that  it  is  ac  coupled  to  the  next  stage  and  therefore  does  not  require 
level  shitting  between  stages.  This  reduces  power  consumption  and  cir- 
cuit complexity. 

As  discussed  above,  the  speed  of  the  TK1.D  is  limited  bv  the  para- 
sitic capacitance  of  the  device  and  circuit.  The  RC  time  constant  of 
the  associated  circuitry  can  cause  additional  domains  to  be  nucleated, 
and  the  TEI.D  will  remain  in  a memorized  state."  To  optimize  the 
design  of  the  device  parasitles  and  the  circuit  layout,  an  accurate 
calculation  of  the  parasitic  capacitance  between  the  different  contacts 
and  the  capacitance  to  ground  ol  each  has  to  be  performed. 

The  parasitic  capacitance  is  analyzed  by  first  obtaining  a Croon's 
function  appropriate  for  he  conductor  configuration.  The  charge  dis- 
tribution on  the  conductors  and  the  total  charge  are  obtained  bv  incor- 
porating the  Croon's  function  with  a numerical  approach  (o.g.,  method 
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of  moments).  Finally,  from  the  total  charge  on  each  conductor,  the 
self-capacitance  (capacitance  to  ground)  and  the  mutual  capacitance 
(capacitance  between  conductors)  is  calculated. 


SECTION  3 


PROCESSING  TECHNOLOGY 

Planar  TELDs  have  been  fabricated  in  ion- implanted,  I. PE  and  VPE  GaAs 
wafers.  Devices  such  as  those  shown  in  Figure  20  have  been  made  by  photo- 
lithography with  1-Um-long  Schottky-barrier  gates.  In  addition,  GaAs 
anodic  oxide  has  been  grown  on  test  samples. 

Several  experiments  have  been  performed  to  establish  an  implantation 

process  suitable  for  TELD  fabrication.  Nominal  goals  for  this  work  were 

to  establish  an  implant  process  with  Nd  products  greater  than 
12  2 

2 x 10  cm"".  The  implant  depth  is  limited  by  the  maximum  accelerating 

voltage,  which,  for  our  implant  apparatus,  is  275  kV.  To  avoid  impact 

ionization  on  the  one  hand  and  large  variations  in  activation  due  to 
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compensation  on  the  other,  we  chose  5 x 10  cm  as  a reasonable  carrier 
concent  rat  ion . 

Three  series  of  experiments  were  carried  out  to  investigate  the 
influence -of  ion  source,  ion  dose,  and  anneal  temperature  on  the 
resulting  implant.  In  all  cases,  silicon  ions  were  used  to  avoid  sub- 
sequent diffusion  during  anneal.  In  the  initial  experiment,  doubly 
ionized  implants  were  performed  at  550  keV  energy.  Based  on  t lie  experi- 
mental range-energy  curve  of  Figure  21,  the  expected  depth  of  these 
implants  is  approximately  5000  A.  All  implants  were  capped  with  GYD 
SiO,  and  annealed  in  flowing  hydrogen.  The  results  of  these  implants 
were  evaluated  using  a universal  material  evaluation  mask.  Patterns  on 
this  mask  were  used  for  standard  C-V  profiling  as  well  as  for  contact- 
resistance  and  Hall-mobility  measurements.  Rough  estimates  of  the  acti- 
vation percentage  and  mobility  were  obtained  from  the  contact  resis- 
tance data  by  comparing  the  low  field  resistance  of  a contact  resis- 
tance pattern  (after  subtracting  the  contact  resistance  component)  to 
th.>  saturated  current  obtained  from  the  same  pattern.  The  result  ot 
these  experiments  are  summarized  in  Table  3.  The  results  (if  these 
experiments  were  comparable  except  that  the  profiles  were  s ign i I i can t 1 v 


different.  Specifically,  the  SiH^  implant  indicated  some  possibility  of 
surface  conversion.  To  check  for  the  possibility  of  nitrogen  eontami- 
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nation  in  the  doubly  ionized  beam  (Si  lias  the  same  e/m  ratio  as  N.,), 
a series  of  singly  ionized  275  keV  implants  was  performed,  and  the 
implants  were  annealed  at  800  and  860 °C.  These  results  are  summarized 
in  Table  4. 

Table  3.  Comparison  of  Ion  Species  for  TELI)  Implants 
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Table  4.  Comparison  ot  Anneal  Temperatures 
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The  available  beam  current  at  SiH.  was  verv  low  and  thus 

4 

confusing  results  were  expected  from  those  implants.  The  remaining 
four  Implants  behaved  as  expected.  No  apparent  differences  between 
the  different  ion  sources  were  observed.  The  mobility  and  activation 
of  the  higher  temperature  anneals  are  higher,  as  expected.  The  most 
noticeable  difference  was  with  implant  profiles,  as  shown  in  Figure  22. 
These  results  show  a higher  than  expected  surface  doping  level  after  the 
8bO°C  anneal. 

Though  the  l-V  characteristics  exhibited  a threshold  voltage  and 

a current  drop  back  when  de  tested  in  wafer  form,  as  shown  in  Figure  21, 

the  devices  would  not  oscillate  when  mounted  in  an  rf  test  circuit.  Two 

possible  reasons  for  this  problem  might  be  that  (11  the  activation  of 

the  implanted  dose  is  poor  for  low  doses,  result ing  in  a lower  than 

anticipated  doping  density  with  many  deep  traps,  and  (2)  the  depletion 

region  under  the  Schot tkv-barr ler  gate  when  normalized  to  the  depth  of 

the  implant  ('Ml.  1 to  0.4  pm)  is  large.  The  I irst  reason  would  result 

12  -2 

in  a low  value  for  the  Nd  product,  less  than  10  cm  . The  second 
reason  would  mean  that  the  field  outside  the  gate  region  is  too  small  to 
sustain  the  domain  once  it  has  formed  under  tlte  gate. 


Figure  22. 

Hoping  density  versus 
depth  for  two  different 
annea ling  t emperatures . 
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wafer,  the  photo-resist  at  the  edge  of  the  mesa  has  thinned  down  to  less 
than  0.5  Pm.  When  a 1-pm-long,  0.5-pm-high  gate  is  deposited,  the  gate 
metal  will  not  be  well  defined  over  the  mesa  edge  and  will  often  break 
when  the  photoresist  is  removed.  In  addition,  it  is  difficult,  due  to 
interference  effects,  to  define  a 1-pm  gate  with  contact  photolithography 
both  on  top  of  the  mesa  and  on  the  substrate. 

Wafers  have  been  processed  with  2-pm-high  mesas  and  gates  defined 
by  F.-beam  lithography.  In  Figure  25,  the  metal  gate,  which  is  7500  A 
long  and  4000  A thick,  is  shown  to  have  excellent  continuity  over  the 
2-)im-high  mesa.  The  TELD  mask  set  has  been  modified  to  deposit  bench 
marks  on  the  wafer  so  that  alignment  of  the  E beam  can  be  made  and  1-gm 
gates  can  be  deposited. 

Gallium  arsenide  anodic  oxide  has  been  grown  at  URL  with  both 
aqueous  and  nonaqueous  liquid  electrolytes.  Oxide  grown  with  solutions 
of  inorganic  salts  in  organic  solvents  has  been  found  superior  to  oxide 
grown  with  aqueous  solutions.  In  particular,  nonaqueous  electrolytes 
appear  generally  to  yield  oxide/GaAs  interface  properties  that  are  less 
sensitive  to  atmospheric  humidity.  Consequently,  subject  to  compatibil- 
ity with  other  process  requirements,  nonaqueous  electrolytes  will  be  used 
for  oxide  growth. 

Incorporating  anodic  oxide  MIS  structures  as  GaAs  1C  elements 
presents  some  unique  fabrication  problems.  Oxide  must  be  grown  on  device 
mesas  that  are  electrically  isolated  on  high-resistivity  substrates. 
Sibstrate  resistance  essentially  prevents  oxide  growth  unless,  as  a mini- 
mum requirement,  the  wafer  is  illuminated  to  excite  photoconductivity. 
Growth  is  still  extremely  nonuniform  if  only  edge  contact  is  made  to  the 
wafer.  Growth  of  a uniform  oxide  requires  a large-area  contact  to  the 
back  of  the  wafer.  The  voltage  drop  through  the  substrate  is  then  suf- 
ficiently low  to  ensure  a uniform  oxide.  A proprietary,  nondestructive 
technique  for  supplying  the  necessary  back  contact  has  been  developed  .it 
HRL.  In  combination  with  illumination,  this  technique  has  been  demon- 
strated to  permit  r.ipid  growth  of  anodic  oxide  on  h igh-resist  i v i t v 
mnlori.il  and  a very  uniform  oxide  over  a region  that  conforms  to  the 
area  of  the  back  contact. 
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The  intrinsic  chemical  vulnerability  and  thermal  instability  of 
the  oxide  place  constraints  on  device  design  and  fabrication.  Anodic 
oxide  is  readily  soluble  in  even  moderately  strong  acids  and  bases. 

In  particular,  the  oxide  rapidly  dissolves  in  the  alkaline  developer 
for  conventional  positive  photoresist.  As  a result,  the  oxide  is 
damaged  by  the  photolithographic  processing  necessary  to  pattern  the 
overlaying  metalization.  Patterning  the  oxide  by  etching  is  also  diffi- 
cult since  (1)  resist  development  and  oxide  etching  occur  with  the 
same  chemical  treatment,  and  (2)  the  oxide  etch  rate  is  so  high  that 
undercutting  is  difficult  to  control. 

An  alternative  fabrication  technique  that  appears  quite  feasible 
is  to  use  a single  photoresist  step  to  both  control  selective  oxide 
growth  and  pattern  the  overlaying  metal  by  lift-off.  We  have  observed 
that  oxide  growth  can  be  readily  restricted  to  openings  in  a coating 
of  positive  photoresist.  The  extent  of  lateral  growth  depends  on  the 
post-development  bake  treatment  of  the  resist  and  anodic  growth  param- 
eters. Lateral  growth  can  be  limited  to  less  than  1 pm  for  an  oxide 
thickness  of  0.1  pm.  Following  oxide  growth,  the  desired  metal  layer 
is  deposited  and  patterned  by  dissolving  the  photoresist  with  organic 
solvents.  The  solvents  used  do  not  attach  the  anodic  oxide.  Clearly, 
this  technique  requires  a device  design  in  which  botli  the  oxide  and  the 
overlaying  metal  have  the  same  pattern.  Direct  contact  of  the  metal 
to  the  GaAs  is  prevented  by  the  lateral  growth  of  the  oxide.  We  expect 
that  a nonanodizing  metal  lying  on  the  high-resistivity  substrate  can 
also  be  exposed  during  anodization  without  significantly  affecting  oxide 
growth  on  the  mesas. 

The  completed  anodic  oxide  MIS  structure  remains  vulnerable  to 
chemical  attack  and  thermal  degradation,  and  the  fabrication  process 
must  be  designed  to  accommodate  this  vulnerability.  If  further  chemi- 
cal processing  is  essential,  the  MIS  elements  are  best  encapsulated  with 
a deposited,  impervious  dielectric.  Subsequent  processing  temperatures 
are  limited  to  about  350°C  by  the  onset  of  anodic  oxide  decomposition, 
which  results  in  the  loss  of  As  and  the  crystallization  of  the  remain- 
ing Ga^O^.  Interface  properties  degrade  with  the  onset  of  crystallization. 
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111*  I— V cn.irac  ter  i st  i os  ot  tin.-  gateless  1.1*1'  Till)  (shown  in 
ir<  i ) < . i i • i i 24  current  drop  back.  Similar  results  w t r<  obtained 
for  the  VPE  I ELDs.  these  devices  were  mounted  in  the  coplanar  wave— 
guid.  ircuit  siiown  in  figure  28  and  tested  in  the  test  setup  shown  in 
Figure  29.  Initially  the  devices  were  biased  above  threshold  to  deter- 
mine their  transit  time  f requency,  which,  for  the  VPE  and  LPF  devices,  was 
between  2 . 7 > and  5.0  0Hz.  A spectrum  is  shown  in  Figure  '30  for  the  LPF 

TEED.  The  characteristics  of  the  oscillator  for  a VPE  TELi)  art  shown  in 

2 

Figure  31.  This  corresponds  to  a mobility  of  =5500  cm  /V-sec  or  a 
domain  velocity  of  =8.8  x 10^  cm/sec. 
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Figun  27.  I-V  characteristics  of  gateless  TELI)  made  with  HRL-grown 
1 PF  GaAs. 


Figure  28.  TELD  test  boards 
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PHOTOMICROGRAPH  OF  TWO  TERMINAL  TED 
WITH  RESISTOR  LOAD  (210  x) 


SPECTRUM  OF  SELF-OSCILLATION  MODE 
VT  8.87  V lT=  11.9  mA  fQ  = 3.01  GH; 


V 10  itB/'DIV) 


7746  J 


DC  I V CHARACTERISTICS  OF  TED 


TED  WAVEFORM  SELF-OSCILLATION  MODE 
(H  200  pS/DIV  V 50  MV/DIV) 


TKI  P i-li.tr. i.  t ci  i s t i . . 


(H 


1 MH/  DIV 


In  addition  to  t ho  transit  time  frequency,  the  TK1.D  mu  Id  also  ho 
tunod  to  oscillate  nt  a miu'lt  lowor  frequency  approximately  ono-tlilrd 
t ho  transit  t (mo  frequency.  The  spectrum  Is  shown  In  Figure  32.  Both 
the  l.PK  and  VPK  TKl.Ds  with  buffer  layers  exhibited  this  1 ow-f requeue v 
oscillation;  however,  it  was  much  easier  to  obtain  in  the  I.PK  than  in 
the  VPK  TKl.Ds.  A possible  explanation  tor  this  low-frequency  oscilla- 
tion is  that  it  is  the  result  ol  dielectric  loading  on  the  domain  by 
the  substrate. An  exp l ana t ion  for  the  low-frequency  oscillation  is  not 
readily  available.  The  effect  of  the  interface  stall's  between  the  act  ive 
region  and  the  bulk  tlaAs  must,  due  to  the  difference  between  nonhuf Cored 
l.PK  TKl.Ds  and  the  buffered  VPK  TKl.Ds,  have  some  el  loot. 

The  TKl.Ds  have  also  been  tested  as  frequency  dividers  by  Inject  lug 
a signal  at  two  and  three  times  the  transit  time  frequency.  With  the 
devices  blast'd  slight Iv  below  threshold,  we  were  able  to  trigger  the 
device  and  obtain  output  at  one-half  (in  the  I list  case)  or  one-third 
(in  tlu'  second  case)  the  input  signal.  for  the  d Wide— by-two  circuit, 
an  Instantaneous  bandwidth  at  the  input  I requenev  ol  >S0  Mil/,  was  obtained, 
and  the  TK1.D  could  he  tuned  to  divide  bv  two  1 rom  S.2  (I  Hz  to  ’> . t>  till/. 

The  output  spectrum  for  the  d iv Ide-by-t wo  case  is  shown  in  figure  II. 
Trigger  sensitivity  measurements  were  not  made.  The  threshold  voltage 
was  10.4  V at  Just  over  17  mA,  and,  with  an  input  signal  amplitude  ol 
just  under  I V,  the  device  was  triggered  and  divided  the  Input  signal  bv 
two.  For  tlie  d I v ide-bv-three  circuit,  the  Input  frequency  was  till/, 

and  the  instantaneous  bandwidth  at  the  Input  frequency  was  ID  MHz.  Koi 
this  setup,  the  circuit  also  divided  by  nine,  resulting  in  an  output 
I requenev  of  0 . *>  l 7 ('.Hz  (transit  time  I requenev  " 2.7S  t.’Hz).  for  this 
case,  all  the  harmonics  were  present  and  20  dll  down  from  the  input 
signal  except  for  the  transit  time  frequency,  which  was  onlv  2 dll  down 
in  amplitude.  For  a similar  device  with  a transit  time  frequency  ol 
.’.Ins  (!Hz,  llie  input  and  output  waveforms  lor  the  d l v Ide-hy-t hree  ease 
are  shown  In  figure  14. 

Ilv  retiming  the  circuit,  the  TKI.D  divided  hv  , 1,  ot  s down  to 


the  l ow-f requenev  oscillation  ol  1.0/7  tdlz.  The  Input  and  output  wave- 
forms lor  thi'  three  eases  are  shown  In  figure  IS. 


so 
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Figure  44. 

Output  waveform  of  divide- 

by-three  TELD  (f.  = 

7.095  GHz,  f = 2.365  GHz), 
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Using  the  modified  mask  set,  which  ineorpora tes  beneh  marks  for 
the  E-beam  machine,  gates  were  deposited  over  the  mesas  by  K-beam 
L ithographv.  Scanning  electron  microscope  pictures  of  a single-gate, 
a dual-gate , an  input  -out  put  gate  J'KLD,  and  a five-stage  delay  cir- 
cuit are  shown  in  Figure  36.  The  gate  length  is  0.5  urn.  Since  the 
height  is  0.5  pm,  the  mesa  as  shown  is  approximately  3 pm  high.  The 
I-V  characteristics  for  two  adjacent  devices,  one  without  and  one  with 
a gate,  are  shown  in  Figure  37.  The  threshold  current  and  voltage  for 
the  gateless  device  is  20  mA  at  9.4  V.  The  cor responding  threshold 
conditions  for  the  gated  device  are  18.4  mA  at  8.4  V.  Figure  37  also 
shows  the  effect  of  a negative  bias  on  the  gate.  The  corresponding 
threshold  conditions  are  listed  in  Table  5.  The  1-V  character  1st  it’s 
for  the  dual-gate  TELD  are  shown  in  Figure  18.  In  Figure  38(a),  0 V 
is  applied  to  gate  2 while  gate  1 is  stepped  from  0 to  -8  V.  In 
Figure  38(b),  gate  2 has  -4  V on  it  and  gate  1 is  stepped  from  0 to 
-8  V,  It  would  be  possible  to  obtain  a set  of  bias  voltages  on  the 
anode  and  gates  1 and  2 such  that  the  TELD  would  operate  as  either  an 
OR  gate  or  as  anv  AND  gate. 
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SECTION  5 
CONCLUSIONS 

Planar  TELDs  have  been  designed,  fabricated,  and  tested.  Computer 
models  have  been  developed  for  designing  and  predicting  the  character- 
istics of  TELDs  as  a function  of  device  geometry,  material  parameters, 
and  bias  conditions.  TELDs  have  been  fabricated  on  ion-implanted  LPE 
and  VPE  GaAs.  Devices  with  as  high  as  243!  current  drop  back  in  the  I-V 
characteristics  have  been  measured,  and  frequency  dividers  which  divide 
the  input  signal  by  any  integer  from  two  through  *\e  have  been  realized. 

Work  is  continuing  on  improving  the  ion-imp .citation  processing 
with  the  aim  of  increasing  the  depth  so  that  the  Nd  product  will  be 
large  enough.  E-beam  lithography  is  being  used  to  write  l-pin  gates 
on  the  2-Um-high  mesas.  This  involves  developing  compatibility  in  the 
processing  steps  between  photolithography  and  E-beam  lithography. 

Devices  with  anodic  oxide  grown  under  the  pick-off  gate  are  being  pro- 
cessed to  determine  the  effect  of  the  interface  states  and  the  oxide 
thickness.  Finally,  models  are  being  improved  to  correlate  with  the 
measured  devices. 
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